1. Introduction {#sec1}
===============

Each of the electronic states of a molecule has a different geometry. However, in general, the higher the state, the lower the certainty to which the molecular structure is known. The ground state of a molecule can be studied using a number of experimental structural methods supported by a lot of reliable computational techniques. The experimental geometry of a short-living excited state species can be indirectly accessible via fast spectroscopy techniques accompanied by computations.^[@ref1]^ However, an accurate theoretical description of the excited states requires use of multireference methods instead of single reference ones adequate for the closed-shell ground states.^[@ref2]^ Still, a high computational cost of the multireference methods is an obstacle for studying the medium and large-size open-shell molecules, whereas use of the single reference methods to excited states leaves room for uncertainty.^[@ref3]^

The first excited triplet state (T~1~) is the lowest excited state of molecules with the closed-shell configuration in the ground state.^[@ref4],[@ref5]^ The singlet--triplet transition is spin-forbidden and has low probability. Therefore, the first excited triplet state is predominantly populated via absorption to one of the excited singlet states followed by radiationless electronic and vibrational relaxations and intersystem crossing processes. The triplet state can also be achieved in electron recombination of an ionized molecule, thermal population, excitation by intermolecular energy transfer, and other processes.^[@ref6],[@ref7]^ The emission from the first excited triplet state (phosphorescence) is spin-forbidden as well, while from the first excited singlet state (fluorescence), it is spin-allowed. Therefore, the lifetime of the former is much longer than that of the latter. Indeed, typical fluorescence lifetimes are 10^--6^ to 10^--3^ s^1^(*n* → π\*) and 10^--9^ to 10^--6^ s^1^(π → π\*), whereas for phosphorescence, they are 10^--4^ to 10^--2^ s^3^(*n* → π\*) and 1 to 10^2^ s^3^(π → π\*).^[@ref8]^ Utility and applications of phosphorescence stem directly from relatively long T~1~ lifetimes and the possibility of a high quantum yield even if the transition probability is low.^[@ref9]^

Phosphorescence can be applied in emitters in organic light-emitting diodes (OLEDs);^[@ref10],[@ref11]^ solar cells with singlet fission converting a singlet exciton into two triplet excitons conserving spin;^[@ref12]−[@ref16]^ biological sensors and chemical probes based on luminogens with aggregation-induced emission brightened by aggregate formation,^[@ref17],[@ref18]^ and photodynamic therapy.^[@ref19]−[@ref23]^ However, to develop better devices utilizing phosphorescence, it is necessary to follow well-justified rules rationalizing the design of the phosphorescence maximum, intensity, bandwidth, or radiation lifetime, while conserving the other molecular properties such as bioactivity, bioavailability, sensing ability, technical parameters, and so forth. The introduction of a substituent of known electron donor and/or acceptor properties to a molecule possessing a desired property is an old yet powerful method for the molecular design. The well-founded design could be based on substituent effect descriptors, but can we be sure that the descriptors known so far are adequate for the molecules in the first excited triplet state?

In the case of electronic spectroscopy, the substituent influence on the π-delocalized and σ-skeleton orbitals can be complicated by the effect of the internal heavy atom present in a substituent. A significant heavy atom effect increases probability of the singlet-triplet transitions through spin--orbit coupling and changes the quantum yields and efficiency of radiationless processes.^[@ref6]^ Moreover, the states of different symmetry, for example, ^3^ππ\* and ^3^*n*π\*, are influenced differently.^[@ref24],[@ref25]^ Here, we are using density functional theory (DFT) methods inadequate to properly account for spin--orbit coupling. Therefore, hereafter, using the substituent effect, we understand only the substituent influence on the molecular geometry and charge redistribution in the π and σ valence orbitals.

The importance of the substituent effect on the first triplet state is multifold. For example, the triplet state acidities of over fifteen monosubstituted phenols were fairly correlated using ground-state Hammett substituent constants, although they were weaker than those for the first excited singlet state.^[@ref26]^ The satisfactory Hammett correlations were found for the triplet decay constants of nine para-substituted benzophenones.^[@ref27]^ The electron-donating substituents increased while electron-withdrawing ones decreased the energy of the ^3^*n*π\* level. The substituent effect on the triplet state of 4′-substituted 2,4,6-triisopropylbenzophenones was observed, but a regular Hammett plot was shown only for the rate of the triplet-state hydrogen abstraction from *o*-isopropyl methine of the 2,4,6-triisopropylbenzene moiety.^[@ref28]^ The changes were interpreted in terms of substituent hindrance on the rotation around the bond linking the carbonyl group.

Triplet lifetimes of a series of deoxybenzoins allowed to propose the α cleavage mechanism based on the correlation of the rate constant with the Hammett constants and observation that the triplet energy and radiative lifetime remained unaffected by substituents.^[@ref29]^ For monosubstituted benzenes, a correlation of the phosphorescence characteristics with the ground-state Hammett constants was not found. In contrast, it existed for fluorescence, and the strongly acting substituents decreased transition energies of fluorescence and phosphorescence.^[@ref30]^ On the other hand, linear relationships between both the lowest excited singlet and triplet energy levels, and the triplet decay constants of the parasubstituted phenylanilines and pirydineanilines were obtained, yet based only on 3 to 7 substituted derivatives.^[@ref31]^ Quenching of emission spectra of substituted flavanones and the Hammett correlations enabled authors to propose mechanisms of competing photochemical processes in and to assign the relative *n*π\* and ππ\* contributions in the T~1~ states.^[@ref32]^

The *n*π\* triplet-state energies of ca. 60 substituted aroyls (acetophenones, benzaldehydes, benzophenones, and anthraquinones) were found to be increased by the electron-donating substituents while decreased by the electron-withdrawing substituents, and, except for anthraquinones, they were satisfactorily correlated with the Hammett constants.^[@ref33]^ The triplet states of halogenated biphenyls were significantly changed only for the ortho-substituents, which affected the rings twisting dependent on electronegativity and/or polarizability of the halogen.^[@ref34]^ However, no relationship with substituent effect descriptors was considered. For a series of biradicals composed of two para-substituted phenyls connected by a substituted cyclopentane ring, the singlet state appeared to be their ground state, regardless of the substituent character.^[@ref35]^ For the symmetrical diradicals, the singlet--triplet gap increased with the substituent π-electron-donating ability, yet the gap was large even for asymmetrical ones with one π-electron-accepting substituent.

The time-resolved phosphorescence emission decays of the Me-, Cl-, F-, and OMe-substituted 9,10-phenanthrenequinones enabled plotting the Hammett correlations showing that the singlet and triplet energies increased with the electron-donating ability of the substituent.^[@ref36]^ The lifetimes of a series of substituted naphthalenes in the higher triplet excited states significantly correlated with the Hammett constants.^[@ref37]^ Unexpectedly, a more significant substituent effect was observed for the second, rather than the first, triplet state. Hammett's plot for phenol hydrogen abstraction with α-diketones in the *n*π\* triplet state indicated that the phenol substituent influenced the intercarbonyl dihedral angle, and thus tuned transient state electrophilicity.^[@ref38]^

Recently, a lot of studies on triplet states are devoted to metal complexes. The phosphorescence spectra of a series of Pt--acetylide complexes with ligands substituted with a wide range of different functional groups depended strongly on spin density distribution in the triplet exciton.^[@ref39]^ However, no regular trends with the triplet state properties were shown. A bell-like Hammett's plot was obtained for the ruthenium bipyridine complex, in which phosphorescence was quenched using para-substituted phenols in a bimolecular process.^[@ref40]^ The unusual plot shape originated from two quenching mechanisms: a phenolate to Ru(II) electron transfer (p*K*~a~ ≪ pH) and a proton-coupled electron transfer (p*K*~a~ \> pH) when protonated phenol predominates. The kinetics of proton removal from water by 5-substituted NH~2~, OMe, H, Cl, Br, and CN quinolines have been recently studied using ultrafast transient absorption spectroscopy.^[@ref41]^ The mechanism and kinetics of the proton capture appeared to be highly sensitive to the substituent. The proton transfer within the singlet manifold was complicated by an intersystem crossing and proton capture by the triplet states. Nevertheless, the proton capture times showed no correlation with the Hammett constants, which was attributed to the high density of excited singlet and triplet states sensitive not solely to a substituent but also to the solvent and hydrogen bonding. Emission of eight Pt-complexes with substituted 2-phenylbenzimidazole and acetylacetonate ligands has recently been attributed to a mixed triplet ligand-centered and metal-to-ligand-charge-transfer (^3^LC-MLCT) state.^[@ref42]^ For absorption and emission spectra, significant correlations with redox potentials and the Hammett constants have been obtained.

In all the abovementioned investigations of substituted molecules in the triplet state, the triplet state energies, acidities, lifetimes, kinetic parameters of reactions, interactions, singlet-triplet gaps, and so forth, were correlated with the ground-state Hammett substituent effect constants. Perhaps, then, are the ground-state substituent effect descriptors adequate for studying the triplet state behavior? However, those correlations were usually obtained for less than 10 substituents, and even if 60 compounds were examined,^[@ref33]^ the regressions were carried out for smaller homogeneous groups of structures. For the first excited singlet state, the special excited-state substituent descriptors were proposed: σ~CC~^ex^ by the Cao research group,^[@ref43]−[@ref50]^ cSAR(ex) by Sadlej-Sosnowska and Kijak,^[@ref51]^ and sEDA(S~1~) and pEDA(S~1~) by us.^[@ref52]^ In contrast, as far as we know, no dedicated substituent effect descriptors were constructed for the molecules in the first excited triplet state.

In the last decade, we introduced a series of the substituent and heteroatom incorporation effect descriptors starting from the sEDA and pEDA descriptors of the classical substituent effect,^[@ref53]^ through the heteroatom or heteroatomic group incorporation effect sEDA(II) and pEDA(II) descriptors,^[@ref54]^ the sEDA(=) and pEDA(=) descriptors of the substitution through the double bond,^[@ref55]^ the sEDA(III) and pEDA(III) descriptors of the heteroatom incorporation effect into the ring-junction position,^[@ref56]^ and sEDA(S~1~) and pEDA(S~1~) for the molecules in the first excited singlet state.^[@ref52]^ The sEDA and pEDA descriptors have very clear physical meanings: they show the amount of electrons shifted to, or withdrawn from, the σ and π valence orbitals of the core molecule by the substituent or heteroatomic group. They are calculated based on the natural bond orbital (NBO) method,^[@ref57]^ as a difference in population of σ(sEDA) and π(pEDA) valence orbitals on the C atoms of the substituted and unsubstituted benzene rings.^[@ref53]^

The sEDA(S~1~) and pEDA(S~1~) descriptors demonstrated that for a certain group of substituents, the ground-state descriptors adequately describe the substituent effect in the first excited singlet S~1~ state. For another group, the analogous description is fair, but there are numerous visible deviations. Finally, there is also a group of substituents for which a large difference between descriptors in S~0~ and S~1~ exists. The situation is reflected in the HOMO(S~0~) and HOMO(S~1~) orbitals of the ground and the first excited singlet states, respectively. For the first group, the highest occupied molecular orbital (HOMO) orbitals are almost identical, for the second, they are fairly similar, while for the last group, they are totally different.

The aim of this paper has been threefold: to optimize structures of 30 monosubstituted benzenes in the T~1~ state using the ωB97XD/aug-cc-pVTZ level and the unrestricted (U) and restricted open shell (RO) approximations to find geometrical characteristics for a relatively large set of substituents exhibiting diverse σ- and π-electron-donating and/or -withdrawing effects; to construct the sEDA(T~1~) and pEDA(T~1~) descriptors for the monosubstituted benzenes in the T~1~ state and to evaluate their usefulness in characterization of this state; and to observe changes of some T~1~ state parameters (e.g., aromaticity, spin redistribution, and frontier orbitals energy) with the change of the substituent.

2. Methods {#sec2}
==========

Over 30 monosubstituted benzenes in the first triplet states were considered. The functional groups used covered a wide range of effects on both σ and π valence electron systems of benzenes in the ground and first excited singlet states.^[@ref52],[@ref53]^ The structures were optimized using the unrestricted (U)^[@ref58],[@ref59]^ and restricted open shell (RO)^[@ref60],[@ref61]^ approximations. The ωB97XD^[@ref62]^ DFT functional was combined with the aug-cc-pVTZ basis set,^[@ref63],[@ref64]^ and the Gaussian 09 suite of programs in Revision D1 was applied.^[@ref65]^ The harmonic frequencies of all reported systems were positive, and the structures were true minima on potential energy surfaces (PESs). Electron and spin populations were estimated using the NBO approach,^[@ref57]^ as implemented in Gaussian 09. Correlation analysis was done using the SigmaPlot 13 program.^[@ref66]^

High computational cost of the multireference methods for medium size open-shell molecules, and the semi-quantitative aim of the study, prompted us to use the single reference DFT methods to study the triplet states. However, we decided to mutually verify validity of the RO-DFT and U-DFT predictions for the exited triplet state.^[@ref67],[@ref68]^ The U-DFT calculations are much faster than the RO-DFT ones, but the former may produce significant spin contamination, while the latter are free from this error. In the unrestricted calculations, the spatial parts of α and β spin orbitals are allowed to differ, and the artificial mixing of different spin states (spin contamination) provides wavefunctions which are not eigenfunctions of the total spin operator. The spin annihilation procedure reduces the size of the error in the unrestricted calculations, then the expectation value of the total spin ⟨*S*^2^⟩ is close to *S*(*S* + 1). On the other hand, the RO calculations produce no spin contamination and give good wavefunctions and total energies, but the singly occupied orbital energies do not rigorously obey Koopman's theorem.

The ωB97XD functional used here contains the dispersion correction by definition.^[@ref62]^ It includes the exact Hartree--Fock exchange in both short- and long-range and is effective in dealing with charge-transfer states.^[@ref69],[@ref70]^ For noncovalent systems, ωB97X-D performed slightly better, while it performed much better for covalent systems and kinetics than many other dispersion-corrected functionals.^[@ref71]^ It was also found that in the ωB97 family of functional, it was the most accurate for the excited-state calculations.^[@ref70],[@ref72]^ In our previous study of the substituent effect in the first excited singlet state,^[@ref52]^ we considered the ωB97XD functional together with the B3LYP with and without the D3 Grimme's correction for dispersion forces and CAM-B3LYP. However, in the article, we presented results using only the ωB97XD functional because for many benzene derivatives, it exhibited similar performance to the others but, in general, it produced the least number of doubtful results.^[@ref52]^

3. Results and Discussion {#sec3}
=========================

3.1. Geometry {#sec3.1}
-------------

The monosubstituted benzenes in the ground singlet S~0~ state are planar,^[@ref53]^ and, in the first excited singlet S~1~ state are, at most, slightly distorted.^[@ref52]^ According to both U- and RO-ωB97XD/aug-cc-pVTZ calculations, in the T~1~ states, the structures of monosubstituted benzenes are split into two groups, both of nearly the *C*~*S*~ symmetry. In one of them, the substituent is tilted from the ring plane, the symmetry plane is perpendicular to the ring and includes the C~ipso~--R bond. In the other, the substituent remains in the quinoid-like ring plain. The τ(C~m~C~o~C~ipso~R) dihedral angles show clear distinction of the groups as τ \< 180 deg for the first group and τ ≈ 180 for the second ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00712/suppl_file/ao0c00712_si_001.pdf)).

In the T~1~ states, already, the geometrical changes show that the substituent effect must be different from those in the S~0~ and S~1~ states. Indeed, pyramidization of the C~ipso~ atom, in the BF~2~, BH~2~, B(OH)~2~, Br, CF~3~, CH~3~, Cl, CONH~2~, F, H, Li, MeSO~2~, NH~2~, OH, OMe, SH, SiH~3~, SMe, and *t*Bu-benzene derivatives ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00712/suppl_file/ao0c00712_si_001.pdf)), denotes that in the T~1~ state, this very atom takes sp^3^ hybridization. In turn, the π-electron-donating or -withdrawing substituent effects are less-pronounced because of inefficient overlapping of the *p*~z~ orbitals in the nonplanar ring. On the other hand, the quinoid-like π-electron structure of the ring, in the CCH, CFO, CHO, CN, COCH~3~, COOH, NC, NMe~2~, NO~2~, and Ph benzene derivatives, forces the C~ipso~--R bond to become more doubled and two C~ortho~--C~ipso~ bonds to become more single. Rarely, structurally close substituents, such as CONH~2~ and COOH, CHO, or COCH~3~, belong to different groups ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). This is due to the increase of a double bond character of the (O=)C--NH~2~ bond in the amide group, and in consequence, increase of single bond character between the phenyl ring and the substituent which induce slight piramidization of the C~ipso~ atom. Such an effect is absent for substitution with the COOH, CHO, or COCH~3~ groups. Thus, instead of the classical substituent effect through the single bond, we basically deal with the substituent effect through a double bond. Increase in the double bond character of the C~ipso~--R bond decreases ring π-electron delocalization because it enforces the bond length alteration. However, the substituent effect on the ring σ-skeleton, that is, the functional group electronegativity,^[@ref52]−[@ref56]^ is a short-range effect which is not significantly perturbed by local structure deformations. It is really very similar in the substituted methane and benzene.^[@ref53]^

![Two types of the monosubstituted benzenes predicted for the first excited triplet state (the U- and RO-ωB97XD/aug-cc-pVTZ calculations). The two kinds of structures exhibit a symmetry plane containing the C--R bond and (A) perpendicular to the ring, (B) coplanar with the ring.](ao0c00712_0001){#fig1}

The quinoid-like deformation of the benzene moiety complements the picture of the changes in the T~1~ state. The ring's double to single bond lengths ratio could be a fair measure of the ring's quinoidization degree. However, instead of introducing a new parameter, we use the harmonic oscillator model of aromaticity (HOMA) index,^[@ref73]−[@ref75]^ which was shown to be not only a measure of geometrical aromaticity but also a simple structural descriptor of molecules---be they aromatic or nonaromatic, cyclic or acyclic, or linear or branched.^[@ref76]−[@ref78]^ Moreover, it was already successfully used to study diphenylfulvenes in the first excited triplet state.^[@ref79]^ Fulvenes are antiaromatic in the ground singlet but aromatic in the T~1~ state. Sadlej-Sosnowska demonstrated an increase of the HOMA aromaticity index when fulvenes change their electronic state from S~0~ to T~1~. This occurs even if the changes in the number of π electrons accompanied to the S~0~ → T~1~ transition are too small to sufficiently explain aromaticity variation (a matter of 0.1*e*).^[@ref79]^ Unlike fulvenes, benzenes are aromatic in S~0~ and anti-aromatic in the T~1~ state.^[@ref80]−[@ref83]^ This stems from Baird's rule which says that in the lowest triplet excited state, the 4*n* π-electron rings display the aromatic character, while the 4*n* + 2 ones display the antiaromatic character.^[@ref80]^

The HOMA geometrical aromaticity index is calculated based only on the CC ring bond lengths. The benzene CC bond length is the internal standard of perfect aromaticity.^[@ref73]−[@ref78]^ The more different from benzene (HOMA = 1.0) and the more unequal and alternating the bonds are, the lower the HOMA index and the less geometrically aromatic the ring is. HOMA is expressed as followswhere *R*~*i*~ and *R*~opt~ stand for the *i*-th bond length in the analyzed ring and the reference benzene ring (1.3963 Å at the ωB97XD/aug-cc-pVTZ level), respectively, *n* is the number of the CC bonds in the ring, and α = 257.7 Å^--2^ is a normalization factor, making the unitless HOMA = 1 for perfectly aromatic benzene and HOMA = 0 for a perfectly alternating hypothetical nonaromatic Kekulé cyclohexatriene ring.

The HOMA geometrical aromaticity indices of the monosubstituted benzenes in the ground S~0~, the first excited singlet S~1~, and the first excited triplet states T~1~ were obtained based on structures optimized using the ωB97XD, TD-ωB97XD, and U-ωB97XD and RO-ωB97XD functionals combined with the aug-cc-pVTZ basis set ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a and [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00712/suppl_file/ao0c00712_si_001.pdf)). They show that the studied benzene derivatives are geometrically aromatic in the ground state (HOMA ≈ 1, black points, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a), visibly less aromatic in the S~1~ state (HOMA ≈ 0.8, blue points, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a) and either nonaromatic or slightly antiaromatic in the T~1~ state (HOMA ≈ 0.0 ± 0.4, green (U-DFT) and red points (RO-DFT), [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a).

![(a) Variation of the HOMA aromaticity indices of the monosubstituted benzenes in the ground (black), first excited singlet (blue), and first excited triplet states (red and green) (S~0~, S~1~, and T~1~, respectively) calculated using the aug-cc-pVTZ basis set and the ωB97XD, TD-ωB97XD, and U-ωB97XD and RO-ωB97XD method, respectively. (b) Increase of the HOMA aromaticity index of the nonplanar derivatives in the T~1~ state with the substituent deformation angle.](ao0c00712_0002){#fig2}

However, for four exceptions (CHO, COCH~3~, Na, and NO~2~), HOMA(T~1~) approaches 1.0 ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a, [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00712/suppl_file/ao0c00712_si_001.pdf)). The situation is clear for the Na derivative: the Na atom relocates over the flat aromatic C~6~H~5~ plane. Similar holds true for Li, but this time, C~6~H~5~ is deformed, antiquinoid,^[@ref82]^ and thus, HOMA approaches 0.4. The U- and RO-ωB97XD calculations predict CHO and COCH~3~ derivatives in the T~1~ states to be planar and aromatic ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a), which is in agreement with the previous TD-ωB97XD/6-31G\*\* calculations^[@ref70]^ and the more accurate multiconfigurational CASSCF/, CIPT2/, and CASPT2/cc-pVDZ calculations.^[@ref84]^ Also, the CASSCF calculations demonstrated the NO~2~ group in T~1~ nitrobenzene to be slightly pyrimidized but attached to a planar,^[@ref85]^ quinoidal ring.^[@ref86]^ The biphenyl molecule exhibits HOMA(T~1~) greater than that of most of the monosubstituted benzenes ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). Biphenyl in the T~1~ state is planar, and the rings are connected by a short inter-ring C=C bond, forcing a quinoid-like, nonaromatic distribution of the π-electron charge (SAC-CI and TD-PBE0 calculations).^[@ref87]^ Thus, the π-electrons are delocalized over the para positions, preventing the system from higher quinolidization and loss of aromaticity. Surprisingly, HOMA ≈ 0.4 is also predicted for quite nonplanar bromobenzene. We see the reason for this in a noteworthy increase of the C--Br distance from 1.897 Å (S~0~) to 1.976 Å (T~1~) (RO-ωB97XD/aug-cc-pVTZ) and low Br electronegativity. These factors facilitate π-electron delocalization and increase aromatization of the bromobenzene ring in the T~1~ state. Electronegativity of chlorine is higher, and the analogous increase of the C--Cl distance is smaller \[from 1.744 Å (S~0~) to 1.780 Å (T~1~)\]. Thus, for chlorobenzene in the T~1~ state, HOMA decreases to ca. 0.2. For similar reasons, aromaticity of fluorobenzene in the T~1~ state is even lower (HOMA ≈ 0.1, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a).

Inhomogeneity of the HOMA(T~1~) values reveals a systematic, exponential trend with respect to the substituent deformation angle if the planar and metal benzene derivatives are omitted ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b). The trend is the same irrespective of whether the RO- or U-DFT approximation is used. Furthermore, it can also be seen that several other parameters of the benzene monoderivatives which are nonplanar in the T~1~ state depend on the substituent deformation angle.

At the end of this section, let us mention that even in the structure and aromaticity of the unsubstituted benzene in the T~1~ state, there is still chaos. This is probably due to symmetry constrains (*D*~6*h*~^[@ref88]−[@ref91]^ or *D*~2*h*~([@ref92])) assumed for T~1~ benzene at advanced levels of calculations. The constrains accelerate expensive calculations but bias the results when postulated inaccurately. The computational level applied here cannot be used to calibrate advanced multiconfigurational calculations, but it allowed us to perform unconstrained calculations to determine harmonic frequencies in the T~1~ state and to obtain structures at the local minima on PESs. Interestingly, for the most stable benzene in the T~1~ state, our U- and RO-ωB97XD/aug-cc-pVTZ calculations concordantly indicated quinoid *C*~*S*~, instead of the quinoid *D*~2*h*~ or *D*~6*h*~ symmetry structure. In the *C*~*S*~ structure, one CH moiety is distorted from the plane much more than the para-positioned CH moiety. However, a definitive verification of whether such a structure is correct or not is beyond the frame of this study.

3.2. sEDA(T~1~) and pEDA(T~1~) Descriptors {#sec3.2}
------------------------------------------

The sEDA(T~1~) and pEDA(T~1~) substituent effect descriptors ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) can be defined in full analogy to the parent sEDA and pEDA descriptors for the substituent effect in the ground state^[@ref53]^where σ~*i*~ and π~*i*~ denote σ or π valence electron populations at the *i*-th carbon atom in the phenyl ring of monosubstituted benzene in the T~1~ state, and superscript ref denotes the respective values in the reference unsubstituted benzene in the T~1~ state.

###### sEDA and pEDA Substituent Effect Descriptors Calculated for Monosubstituted Benzenes in the Ground,^[@ref52]^ First Excited Singlet,^[@ref52]^ and First Excited Triplet State Calculated Based on the R-DFT, TD-DFT, RO-DFT and U-DFT Methods, the ωB97XD Functional, and the aug-cc-pVTZ Basis Set

             S~0~      S~1~      T~1~                                              
  ---------- --------- --------- --------- --------- --------- --------- --------- ---------
  BF~2~      0.153     --0.065   0.127     --0.030   0.262     --0.242   0.175     --0.150
  BH~2~      0.162     --0.115   0.142     --0.090   0.286     --0.392   0.208     --0.310
  B(OH)~2~   0.102     --0.049   0.121     --0.053   0.174     --0.167   0.105     --0.095
  Br         --0.174   0.051     --0.148   0.060     0.139     --0.279   0.153     --0.293
  CCH        --0.175   --0.011   --0.166   --0.011   --0.061   --0.084   --0.049   --0.099
  CF~3~      --0.146   --0.019   --0.137   --0.023   --0.045   --0.133   --0.034   --0.144
  CFO        --0.093   --0.069   --0.099   --0.071   0.065     --0.363   --0.098   0.141
  CH~3~      --0.218   0.013     --0.207   0.016     --0.111   --0.083   --0.095   --0.097
  CHO        --0.097   --0.075   --0.095   --0.103   --0.068   0.036     --0.055   0.021
  Cl         --0.251   0.057     --0.229   0.066     0.092     --0.275   0.108     --0.293
  CN         --0.153   --0.032   --0.145   --0.035   --0.038   --0.160   --0.025   --0.171
  COCH~3~    --0.108   --0.061   --0.105   --0.093   --0.082   0.064     --0.066   0.048
  CONH~2~    --0.128   --0.038   --0.095   --0.115   --0.038   --0.188   --0.044   --0.182
  COOH       --0.110   --0.059   --0.104   --0.101   0.044     --0.340   --0.127   0.181
  F          --0.580   0.065     --0.573   0.070     --0.063   --0.454   --0.037   --0.482
  H          0.000     0.000     0.000     0.000     0.000     0.000     0.000     0.000
  Li         0.537     --0.009   0.482     --0.007   --0.030   0.692     --0.017   0.682
  MeSO~2~    0.006     --0.017   0.024     --0.019   0.086     --0.086   0.094     --0.098
  Na         0.497     --0.004                       0.016     --0.097   0.031     --0.115
  NC         --0.390   0.004     --0.366   0.010     --0.264   --0.135   --0.248   --0.158
  NH~2~      --0.417   0.129     --0.428   0.169     --0.153   --0.051   --0.109   --0.095
  NMe~2~     --0.443   0.162     --0.432   0.171     --0.358   0.189     --0.344   0.175
  NO~2~      --0.297   --0.056   --0.308   --0.111   --0.199   --0.061   --0.187   --0.074
  OH         --0.517   0.106     --0.513   0.117     --0.096   --0.280   --0.062   --0.316
  OMe        --0.520   0.110     --0.517   0.122     --0.110   --0.273   --0.070   --0.316
  Ph         --0.214   --0.001   --0.224   --0.002   --0.077   --0.099   --0.064   --0.115
  SH         --0.139   0.084     --0.104   0.114     0.105     --0.045   0.125     --0.068
  SiH~3~     0.184     --0.014   0.209     --0.013   0.076     0.140     0.072     0.146
  SMe        --0.127   0.097     --0.108   0.115     0.112     --0.006   0.136     --0.034
  *t*Bu      --0.222   0.006     --0.214   0.008     --0.139   --0.067   --0.125   --0.083

The correlations between the U-DFT or RO-DFT determined that EDA descriptors for the first triplet state are linear ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). The straight lines demonstrate that for monosubstituted benzenes in the T~1~ state, the U and RO approximations show essentially the same electron donor--acceptor shifts between the substituent and the phenyl ring. However, the determined descriptors deviate from the straight lines for the following five substituents: BH~2~, BF~2~, B(OH)~2~, CFO, and COOH ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). The deviations reveal possible limitations of approximations (or only one of them) when a substituent is attached through the B-atom or when it is coplanar with the ring. In the case of the BH~2~, BF~2~, and B(OH)~2~ groups, the differences result from a fairly different substituent tilt from the plane predicted using the U-DFT and RO-DFT methods ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00712/suppl_file/ao0c00712_si_001.pdf)). The U-ωB97XD/aug-cc-pVTZ approximation suggests larger distortion than the RO-ωB97XD/aug-cc-pVTZ one. Why, out of many planar structures in the T~1~ state, only CFO and COOH deviate from the straight lines becomes clear after inspection of the frontier orbitals.

![Linear correlations between substituent effect descriptors calculated using the U-DFT and RO-DFT methods (ωB97XD/aug-cc-pVTZ level) for monosubstituted benzenes in the first excited triplet states: (a) sEDA(T~1~) and (b) pEDA(T~1~). Points in blue were excluded from correlations.](ao0c00712_0003){#fig3}

Unexpectedly, unlike for the S~0~ and S~1~ states,^[@ref52]^ there are no correlations between the EDA(T~1~) descriptors and those of the S~0~ states nor the S~0~ ones ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00712/suppl_file/ao0c00712_si_001.pdf)). This is due to substituent distortion, ring quinoidization, and concordant charge (spin) redistribution in the T~1~ state. Indeed, the distortion and quinoidization are basically absent in the planar, or nearly planar, S~0~ and S~1~ states, and those states show dependence neither on the substituent deformation angle nor on geometrical aromaticity of the ring.^[@ref93]−[@ref95]^ However, for selected substituents, there are some linear trends between sEDA(T~1~) and sEDA or sEDA(S~1~) ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00712/suppl_file/ao0c00712_si_001.pdf)). This is because the substituent effect on the σ-skeleton, expressed by the sEDA type of descriptors, is a short-range effect. The closest surrounding of some substituents changes only a little, and the effects in the triplet and singlet states are somewhat similar. However, for the long-range effects through the π-electron system, expressed by the pEDA type of descriptors, no correlations are observed ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00712/suppl_file/ao0c00712_si_001.pdf)).

On the other hand, doubt arises over whether the construction of the sEDA(T~1~) and pEDA(T~1~) is correct at all. Let us look again at the ground-state sEDA(S~0~) and pEDA(S~0~) descriptors. They are based on the assumption that the σ- and π-valence orbital separation and the NBO approximation are correct. However, there exists another silent assumption about the invariability of the monosubstituted benzene geometry: in the C~6~H~5~R structure, the σ- and π-valence orbital charge redistribution does not disturb the geometry of the C~6~H~5~ moiety. This is why the sEDA(S~0~) and pEDA(S~0~) scales can selectively reflect the substituent properties. As we already demonstrated ([Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}; [Tables S1 and S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00712/suppl_file/ao0c00712_si_001.pdf)), such an assumption cannot hold true for the triplet T~1~ states. Indeed, if for series of R substituents, both moieties of the C~6~H~5~R molecules simultaneously undergo remarkable changes and additionally split into two types: planar and nonplanar. Then, even though the sEDA(T~1~) and pEDA(T~1~) descriptors display the σ- and π-charge redistribution over the C~6~H~5~ and R moieties for each particular molecule, they cannot form a homogeneous series of descriptors for an entire group of compounds. In conclusion, it appears that the sEDA(T~1~) and pEDA(T~1~) descriptors are probably useless in analyzing larger series of the compounds in the T~1~ states.

3.3. NBO-Calculated Spin Populations {#sec3.3}
------------------------------------

The NBO approach allows for justification of σ--π valence electron separation. However, within the same approximation, we can question the spin distribution over the valence σ- and π-orbitals. Indeed, it appeared that the τ~av~(C~m~C~o~C~ipso~R) correlates with the spin populations localized at the σ- and π-orbitals of the ring C-atoms of the nonplanar monosubstituted benzenes in the T~1~ state ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a and [Table S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00712/suppl_file/ao0c00712_si_001.pdf)). As a result, if the planar structures are omitted, the greater the substituent distortion from the ring plane, the greater is the spin population localized at the σ-skeleton and the smaller the spin population localized at the π-electron structure is ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a). Similar holds true for the HOMA index of the monosubstituted benzene in the T~1~ state. However, the trends are weaker, and their shapes are different ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b).

![(a) Correlations between the τ~av~(C~m~C~o~C~ipso~R) torsion angle and the spin populations localized at the σ- and π-orbitals of the ring C-atoms of the nonplanar monosubstituted benzenes in the T~1~ state. (b) Correlations between the HOMA aromaticity index and the spin populations localized at the σ- and π-orbitals of the ring C-atoms of the nonplanar monosubstituted benzenes in the T~1~ state. The planar systems are omitted in the correlations.](ao0c00712_0004){#fig4}

However, distribution of the spin density in the molecules in the T~1~ states, without partitioning it over the valence σ- and π-orbitals, displays even more essential characteristics. It turns out that in the nonplanar derivatives, the spin density at the phenyl C-atoms is accumulated at the C~ipso~ and C~p~ atoms, whereas at the other ring C-atoms, it varies erratically ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a, [Table S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00712/suppl_file/ao0c00712_si_001.pdf)). Moreover, the spin densities gathered at single C~ipso~ and C~p~ atoms show that the former nonlinearly increases, while the latter nonlinearly decreases, with the substituent deformation angle ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b). Also, the sum of the spin densities at the C~o~ and C~m~ atoms nonlinearly increases with the substituent deformation angle ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b). It is to be noted that despite the spin density provided by U- and RO-DFT approximations being slightly different, the qualitative agreement in spin densities obtained with two approximations is excellent ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00712/suppl_file/ao0c00712_si_001.pdf)), and the U-DFT calculated variation with the deformation angle ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00712/suppl_file/ao0c00712_si_001.pdf)) is analogous to that presented in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a.

![(a) Correlation between the RO-DFT calculated spin density at the phenyl ring of the nonplanar monosubstituted benzenes at the T~1~ state and the sum of spin densities accumulated at the C~ipso~ and C~p~ atoms. (b) Correlations between the substituent deformation angle and the spin densities accumulated in the C~ipso~ (black) and C~p~ atoms (red) and cumulated on the sum of ortho and meta C-atoms of the ring in the nonplanar monosubstituted benzenes in the T~1~ state.](ao0c00712_0005){#fig5}

3.4. Frontier Molecular Orbitals {#sec3.4}
--------------------------------

Recently, we have demonstrated that the correlation between the EDA substituent effect descriptors in the S~0~ and S~1~ states is very good when the HOMO(S~0~) and HOMO(S~1~) orbitals are very similar and show an almost perfect antisymmetry against the benzene plane.^[@ref50]^ When the HOMO orbital antisymmetry in one of the states is either perturbed or changed, the correlation deviates slightly, and when one of the two HOMO states has the σ-character, the correlation deviates remarkably. Also, we have shown that the energies and the gap of the frontier orbitals in the two states are linearly correlated with the pEDA(S~1~) descriptor.

The geometries of the monosubstituted benzenes in the singlet and triplet states are so different that similar relationships between the frontier molecular orbitals in these states cannot be expected. Nevertheless, the juxtaposition of the HOMO orbital shapes of the monosubstituted benzenes in the ground S~0~ and first excited S~1~ states, and SOMO in the first excited T~1~ triplet states calculated with the RO- and U-ωB97XD/aug-cc-pVTZ methods is presented in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}.

###### Juxtaposition of the HOMO Orbital Shapes of the Monosubstituted Benzenes, XC~6~H~5~, in the Ground S~0~ and First Excited S~1~ States and the First Excited T~1~ Triplet States Calculated with the RO- and U-ωB97XD/aug-cc-pVTZ Methods[a](#t2fn1){ref-type="table-fn"}

![](ao0c00712_0008){#gr8}

HSOMO and HSOMO-1 are the highest and the second highest SOMO in the first excited T~1~ triplet states, respectively.

First, the HSOMO orbitals calculated using RO- and U-DFT approximations are relatively similar ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). A pattern repeating over the benzene plane shows four components with two diagonal nodal lines passing through ortho1 and meta2, and the ortho2 and meta1 C-atoms ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). Additional orbital components are set on substituents, and the entire picture undergoes perturbations related to the structure nonplanarity and substituent asymmetry.

Second, the HSOMO-1 orbitals differ from the HSOMO ones. Furthermore, the HSOMO-1 orbitals in BF~2~, BH~2~, B(OH)~2~, and CFO obtained using the RO-DFT approach, over the benzene plane, exhibit a nodal line perpendicular to the X--C~ipso~ bond between the ortho and meta C-atoms, while those calculated using the U-DFT method exhibit a nodal line containing the X--C~ipso~ bond ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). The SOMO-1 orbitals in dimethylaniline, NMe~2~, are dissimilar in a slightly different manner: the nodal line is passing diagonally through ortho2 and meta1 C-atoms in the RO-DFT approximation, while it is between the ortho and meta C-atoms in the U-DFT. Even more surprising pictures are seen for the CHO, COCH~3~, CONH~2~, COOH, and NO~2~ derivatives. In the CONH~2~ and COOH substituted benzenes, the HSOMO-1 obtained with the RO-DFT method has the character of the π-orbitals and those obtained with the U-DFT method have characteristics of the σ-ones, whereas the opposite is the case for the CHO, COCH~3~, and NO~2~ groups ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). For the other derivatives, the HSOMO-1 orbitals, calculated within RO- and U-DFT approximations, are relatively similar ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}).

Third, if the number of nodal lines over the benzene plane is accepted as a (topological) criterion of orbital similarity, the HOMO orbitals in the S~0~ and S~1~ states are topologically more similar to the HSOMO-1 than to the HSOMO orbitals. The former has one nodal line, while the HSOMO orbitals exhibit two such lines. However, the resemblance of HOMO and HSOMO-1 orbitals of Br, CCH, CH~3~, Cl, CN, F, H, Li, NC, NH~2~, OH, OMe, Ph, SH, SiH~3~, SMe, and *t*Bu derivatives, is still weaker than that between the HOMO orbitals in the singlet S~0~ and S~1~ states ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). Therefore, if overall correlations between the substituent effect descriptors for the S~0~ and S~1~ states were not very strong,^[@ref52]^ it is not surprising that for T~1~ states, it is weaker if it even exists.

Now, let us focus on the energy of the two highest SOMO, the two lowest singly unoccupied molecular orbital (LSUMO), and the gaps between them ([Table S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00712/suppl_file/ao0c00712_si_001.pdf)). It is to be noted that the LSUMO--HSOMO and LSUMO+1--HSOMO--1 gaps change because of linear change of the HSOMO and HSOMO--1 energies, while energies of the LSUMO and LSUMO+1 states remain almost unchanged: the slope of the linear change is ca. 0.06 ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a). As before, the energy of the frontier SOMO and SUMO orbitals of the nonplanar compounds in the T~1~ state exhibits significant nonlinear, asymmetric parabola-like (a one-extremum asymmetric function) correlations with the τ~av~(C~m~C~o~C~ipso~R)-averaged torsion angle of the substituent ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b). The direction of the trend for dihedral angles greater than −160° is opposite to that of dihedral angles greater than −130° ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b).

![(a) Relationship between the SUMO--SOMO gap calculated at the RO-ωB97XD/aug-cc-pVTZ level and component SOMO and SUMO energies. Correlations between the SOMO, SUMO, and SUMO--SOMO gap energies (eV) for the monosubstituted benzenes in the T~1~ state; (b) τ~av~(C~m~C~o~C~ipso~R)---the averaged torsion angle of the substituent; (c) ground-state pEDA(S~0~) substituent effect descriptor in the range from −0.1 to 0.04 *e*; and (d) in the range from 0.02 to 0.2 *e*. Correlations in (b) and (c) are approximate, that is, in (b) ignore the planar structures and some deviating points, and in (c) ignore BH~2~, COCH~3~, NO~2~, and NC substituents. In the correlations (d), no substituent was omitted. (e) Correlation between the ground-state pEDA(S~0~) and (e) the averaged torsion angle of the substituent, and (f) HOMA index in the T~1~ state. The red points in (e) correspond to planar structures and were omitted in correlation. The light blue HOMA(S~1~) points were omitted in correlation presented in (f).](ao0c00712_0006){#fig6}

Surprisingly, there are correlations between the HSOMO, HSOMO--1, GAP1 = LSUMO--HSOMO, and GAP2 = LSUMO+1--HSOMO--1 energies in the T~1~ state and the pEDA(S~0~) substituent effect descriptor for the ground state ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c,d). The overall trend for the HSOMO and HSOMO--1 energies increases from the most π-electron-withdrawing BH~2~, CHO, CFO, and so forth ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c) to the most π-electron-donating OMe, NH~2~, and NMe~2~ groups ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}d). However, for substituents with pEDA(S~0~) lower than 0.02 *e* ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c), a waving can also be seen, whereas for pEDA(S~0~) higher than 0.05 *e*, the increasing trend is smooth ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}d). The decreasing trends for the GAP1 and GAP2 are direct consequences of relative resistance of the LSUMO and LSUMO+1 energy on the substituent ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a).

Additionally, it is observed that τ~av~(C~m~C~o~C~ipso~R) of the nonplanar T~1~ structures significantly correlates with pEDA(S~0~), if four deviating substituents (Li, Na, BH~2~, and NMe~2~) are ignored ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}e). The asymmetric parabola correlation function has its maximum at pEDA(S~0~) ≈ 0.04 *e* ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}e). Thus, the energy of SOMO levels and the GAPs correlate similarly with τ~av~(C~m~C~o~C~ipso~R) and pEDA(S~0~) because these two parameters correlate with each other as well.

Moreover, the HOMA(S~0~), HOMA(S~1~), and HOMA(T~1~) indices also correlate with the pEDA(S~0~) descriptor. A quadratic correlation (*R*^2^ = 0.625) is observed for HOMA(S~0~); a significant linear correlation (*R*^2^ = 0.750) is present for HOMA(S~1~), if some derivatives (substituted by π-electron withdrawing groups) are omitted; and a significant, combined linear--exponential correlation, can be found for HOMA(T~1~) of derivatives substituted by the π-electron donating groups with pEDA(S~0~) \> 0.04 *e* ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}f). A more imaginative look at the HOMA(T~1~) graph could lead to a supposition that there is a maximum peak or even a vertical asymptote for pEDA(S~0~) ≈ 0.02 *e* ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}f). However, a larger number of substituents with pEDA(S~0~) ≈ 0.02 *e* have to be considered to verify such a hypothesis.

Furthermore, the NBO-calculated spin populations at the benzene C-atoms, the nonplanar derivatives, also correlate with the pEDA(S~0~) descriptor ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a). In a similar way, cubic correlations can be found between differences in zero point energies (ZPE) of monosubstituted benzenes in the T~1~ and the pEDA(S~0~) descriptor: significant for S~1~ and the difference between the T~1~ and S~1~ states (*R*^2^ = 0.912 and 0.874, respectively), and kind of a trend for the T~1~ state ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b). It is to be observed that, for the nonplanar monosubstituted benzenes, the strongly π-electron-withdrawing and strongly π-electron-donating groups decrease the ZPE difference in comparison to neutrally acting substituents with pEDA(S~0~) ≈ 0.0 *e* ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b). Finally, it is to be noted that U-calculated ZPEs follow the same correlations as RO-ones because they correlate linearly with them ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b).

![(a) Nonlinear correlations between NBO-calculated spin population at ring's C-atoms. Points for BH~2~, CCH, CFO, CHO, CN, COCH~3~, CONH~2~, COOH, Li, Na, NC, NO~2~, and Ph substituents were omitted. (b) Cubic correlations between difference in ZPEs of monosubstituted benzenes in the T~1~ and S~1~ states and the S~0~ state, as well as difference between ZPE of the T~1~ and S~1~ states and the pEDA(S~1~) descriptor.](ao0c00712_0007){#fig7}

4. Conclusions {#sec4}
==============

Understanding the rules governing the substituent effect in the first triplet state is important because of various applications of molecules in the triplet state, for example, as emitters in OLEDs, solar cells, biological and chemical sensors, and photodynamic therapy. It is known that usually the triplet state geometry is remarkably different than that of the ground or excited singlet states; nevertheless, the ground-state substituent effect descriptors were used to describe properties of the first excited singlet state. Sometimes, they were satisfactory and sometimes they were not. However, to improve the devices reliability on the first excited state properties, it would be worth constructing parameters describing the studied state directly.

To construct parameters based directly on the first excited triplet T~1~ state structures, we optimized 30 monosubstituted benzene derivatives in the T~1~ state with unrestricted and RO methods, namely, U-ωB97XD/aug-cc-pVTZ and RO-ωB97XD/aug-cc-pVTZ. Activity of the substituents BF~2~, BH~2~, B(OH)~2~, Br, CCH, CF~3~, CFO, CH~3~, CHO, Cl, CN, COCH~3~, CONH~2~, COOH, F, H, Li, MeSO~2~, Na, NC, NH~2~, NMe~2~, NO~2~, OH, OMe, Ph, SH, SiH~3~, SMe, and *t*Bu, covered a large spectrum of the σ- and π-electron-donating and/or -withdrawing effects. It is to be noted that a substituent can be simultaneously σ-electron-withdrawing and π-electron-donating and so forth.

The optimized structures in the T~1~ state split into two groups: nonplanar with the substituent distorted from the plane, in the plane perpendicular to the ring, and the planar with the substituent coplanar with the quinoidal ring. In most of the former systems, the substituent is π-electron-donating, while in most of the latter, it is π-electron-withdrawing. The U- and RO-ωB97XD approximations provide concordant results except for boron substituents and a few other groups. It appeared that these differences are reflected in the SOMO-1 (the second highest SOMOs) shapes calculated with the two methods. Surprisingly, the shapes of the SOMO-1 are somehow similar to the HOMO ones of the S~0~ and S~1~ states, while SOMO are not. Geometrical aromaticity of the monosubstituted benzenes in the T~1~ state is significantly depleted in comparison to the S~1~ and S~0~ states: HOMA(T~1~) ≈ −0.2 ÷ 0.4, while HOMA(S~1~) ≈ 0.8 and HOMA(S~0~) ≈ 1.0.

The sEDA(T~1~) and pEDA(T~1~) substituent effect descriptors for the T~1~ state were constructed in full analogy to the sEDA(S~1~) and pEDA(S~1~) and sEDA(S~0~) and pEDA(S~0~) substituent effect for the first excited and the ground singlet states. However, the T~1~ state descriptors correlate with neither those of the first excited nor those of the ground singlet states. We came to the conclusion that this is because in the T~1~ state, both the substituent and the ring change dramatically, whereas in the S~1~ and S~0~ states, one can assume that, in the first approximation, the ring geometry remains unperturbed and only the σ- and π-electrons shift between the substituent and the ring. Therefore, the sEDA(T~1~) and pEDA(T~1~) descriptors do not specifically characterize the functional group, and they cannot provide useful scales for analyses of the T~1~ states.

We found that the spin density in the T~1~ states is accumulated at the C~ipso~ and C~p~ atoms and nonlinearly correlates with the substituent deformation angle: it increases at the C~ipso~ while decreasing at the C~p~ atom. The SUMO--SOMO gap changes in line with the SOMO energy because energy of the SUMO is basically constant. For the nonplanar T~1~ structures, the SOMO energy correlates with the substituent deformation angle and the ground state pEDA(S~0~) descriptor of π-electron-donating substituents for pEDA in the range from 0.02 to 0.2 *e*.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c00712](https://pubs.acs.org/doi/10.1021/acsomega.0c00712?goto=supporting-info).Selected excited-state properties, total Gibbs free, and frontier orbital energies of the studied molecules, plots of correlations of minor importance, and tables with *XYZ* coordinates of the structures in the T~1~ state ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00712/suppl_file/ao0c00712_si_001.pdf))XYZ coordinates of the first excited triplet state of monosubstituted benzenes ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00712/suppl_file/ao0c00712_si_002.pdf))
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